The subject of this project is the design; analysis, fabrication and characterisation of first order Bragg Grating optical filters in Silicon-on-Insulator (SOI) planar waveguides. It is envisaged that this work will result in the possibility of Bragg Grating filters for use in Silicon Photonics. It is the purpose of the work to create as far as is possible flat surface waveguides so as to facilitate Thermo-Optic tuning and also the incorporation into rib-waveguide Silicon Photonics.
Introduction
In the modern world there is an increasing need for high speed, high bandwidth communication. This is to address the demand for voice, music, video and digital communication not just between countries but also continents as globalisation progresses and the number of consumers increases. Modern optical fibres have a transmission rate capacity in excess of terabits per second and as they have the lowest attenuation in the 1.5 micron (infra red) wavelength window, such wavelengths are used as long distance carriers. Wavelength Division Multiplexing (WDM) can increase the carrying potential of a single fibre and is thus used in modern telecommunications systems. Modern ULSI (Ultra Large Scale Integration: as implemented in modern electronics modules) for reasons of heat dissipation is finding that SOI construction is becoming increasingly necessary. Thus in order to provide a WDM solution for infra and inter module communication a solution in SOI must be found. Possibilities include arrayed waveguide gratings (AWGs), Bragg Gratings, Ring Resonators and even Prisms. Flat Bragg Gratings even if they could not provide a niche WDM solution would still have a sensor application since as well as being susceptible to electrical control they could also be thermally tuned to provide variable filtering.
Reviews

2.1
The present and the future With technologies such as strained Silicon on SiGe on insulator and also sSOI (strained Silicon on Insulator, whereby the process of straining the Silicon increases carrier mobility and therefore improves the high frequency response) currently established as viable present/future options in SOI 1 the future is looking good for SOI. Its increased speed compared with generic CMOS (Complementary Metal Oxide Semiconductor) and lower power dissipation, higher drain current drive 2 and increased resistance to thermal/radiation errors should ensure increased take-up by industry in the run up to meeting the demands posed by ULSI (Ultra Large Scale Integration). Strained silicon on insulator is the resultant of combining strained silicon with SOI thus combining the isolation, lower power dissipation, resistance to thermally generated errors and radiation hardening of SOI with the extra speed associated with improved carrier mobility that comes with strained silicon. The imposition of a SiGe layer and with a much thinner silicon layer underneath causes the strain and increases the speed by as much as 30%. Figure 1 shows a TEM graph which demonstrates the high degree of structural integrity of the resulting SiGe epitaxy, even for a residual SOI thickness of <10 nm. The TEM graph also shows the elevation of source and drain for which the same epitaxial process was used. Such elevation facilitates subsequent silicidation that is required to lower access resistance. Next to mobility, series resistances, including contact resistance, are parameters of critical importance to increase drive current. To date it is possible to retain the strain in the strained Silicon over layer to 70nm depth but no further, and this will present logistical problems in terms of hybridising with Silicon Photonics but these are likely to be less significant than with other alternatives (e.g. problems with fine machining Lithium Niobate) 3, 4 . Problems exist with straining such as the fact that holes under strain move at one third the speed of electrons and that Germanium's presence in the strained substrate is undesirable since it causes electrical degradation, however, these seem to have been surmounted by the process of local epitaxial straining and the removal of the Germanium in the case of sSOI to leave strained Silicon on Silica. Companies of the calibre of IBM, AMD and Intel 5 (information is also available on the company's websites) are pursuing an interest in sSOI and it cannot be long before market developments in consumer electronics occur and ensure its take up. This would have the predictable effect on SOI's section of the semiconductor wafer market with the knock-on reduction in SOI wafer unit cost. Module communications can be enhanced using WDM and two Bragg Gratings. From the author's perspective developments in electronics and research in Silicon Photonics are at an interesting stage and the coincidental breakthroughs in both areas of research could well see an early turning to hybrid Electronic/Silicon-Photonic devices to assist with speed/integration/heat problems.
Al
Wavelength division multiplexing
One way of increasing the bandwidth of an existing optical link without modifying the fibre is to employ the technique of wavelength division multiplexing (WDM). In this technique (see figure 2 ) several different signals are transmitted simultaneously down the fibre on carriers of different wavelength: the signals coming from laser diodes of different frequency then fed into different modulators (whether amplitude, frequency or code modulation). The modulated signals are then combined in the multiplexer before sending down the optical fibre. At the receiving end the signals are then separated into the different frequency components by the de-multiplexer. The main difficulty is in separating the signals at the detector; inevitably, both signal loss and a certain amount of cross talk between the signals are experienced. Several possible methods of signal separation have been proposed such as the use of prisms, ring resonators or arrayed waveguide gratings (an interesting discussion can be found on the Xilinx website). Another possibility is to use a diffraction grating to produce the same effect. Kintaka et al 6 have fabricated an optical waveguide de-multiplexer for twowavelength channels from guided waves to free space waves. The waveguide de-multiplexer consisted of two types of gratings, i.e. Guided Mode Selected Focussing Grating Couplers and Different Guided ModeCoupling Distributed Bragg Reflectors (GMS-FGCs and DGM-DBRs). The wavelength de-multiplexing with 5nm spacing was experimentally demonstrated. Experimental work is being continued to improve device performances such as output efficiency, wavelength selectivity and propagation loss. An add-drop multiplexing device is also under study 6 . This work is not done in SOI and could not easily be transferred to SOI without the provision of high quality relevant Bragg Gratings in SOI but nonetheless proves how extremely useful this technology is and especially at a time when the technology is becoming increasingly necessary to avoid information pile-up between information processing and storage "nodes".
Bragg gratings in silicon on insulator
An implementation of Bragg gratings is their incorporation into Silicon waveguide structures (as opposed to their more accustomed use in Fibre Bragg Gratings). In the published literature relating to Silicon, Bragg Gratings are either configured as high reflectivity periodic structures used to improve Fabry-Perot cavity finesse 7 or as part of a hybrid p-i-n modulator which is used to vary the Bragg wavelength and hence the intensity of the propagating light In figure 3 is shown the classic Fabry-Perot cavity but with Bragg reflectors in the place of conventional mirrors. The application of potentials to the source, gate and drain electrodes will change the cavity characteristics and cause modulation. The authors found that cascading several modulators improved the reflectivity. As demonstrated by Liu and Chou
9
, twelve trenches of Bragg reflectors showed almost unity reflectivity over a 120nm range, centred on 1300nm, for a cavity length of 18.3 micron. The usage of Bragg reflectors to increase the finesse of a Fabry-Perot cavity greatly reduces the modulator size, leading to faster modulator operation. The proposed modulator can also be used as a tuneable spectral filter with a much narrower resonance peak and larger intensity modulation. Cutolo et al 10 have proposed and modelled a pin diode Bragg reflector integrated into a SOI waveguide, with a response time of 12 ns and operating power of 4mW for a 50% modulation depth. Amplitude modulation is achieved by carrier injection changing the refractive index of the guiding layer. The design of a tuneable filter with the integration of Bragg gratings on a SOI wave guide is very flexible as the reflectivities of the Bragg reflectors can be easily controlled by the number of etch trenches and trench depth 10 . This offers significant advantages over competing technologies such as fibre: facilitating the possibility of mass production and utilising established Silicon technology and has the potential for subsystem integration. In figure 4 we see the schematic of a Bragg waveguide modulator: when potential is applied to the p and n contacts the refractive index of the guiding layer is changed by way of carrier injection. This then shifts the peak reflectivity of the Bragg mirror to a different wavelength.
Thus the current conclusions on Bragg gratings are: (1) Bragg Gratings are well established as Wavelength Division Multiplexing components.
(2) Bragg Gratings are relatively difficult to make in Silicon on Insulator due to the need for very accurate etching over a very short grating period. Wavelength bmJ (3) If it is possible to create a more or less planar grating surface on the top of the rib of a SOI rib waveguide variable thermal tuning could be accomplished with the use of a control feedback heater to give a variable frequency Fabry-Perot effect.
Design
Gratingmod ™ (a grating simulator based upon Coupled Mode Theory produced by RSoft c.f. www.rsoftdesign.com) see figure 5 , was run to check the effect of varying the depth of grating and approximately 50nm was chosen as this gave little power in the sidebands making apodisation less necessary (please note that in figure 5 the blue lower spectrum represents reflection and the green upper transmission). The simulator was also run several times to check the effect of varying the length of the gratings (i.e. the number of grating period repetitions). These results are plotted in figure 6 , to determine the approximate length of gratings, and lengths from 100 to 1000 microns were chosen, as above this the curve saturates and unnecessary length increases the cost of the e-beam writing and the risk of periodicity flaws and therefore grating failure.
Fabrication
The fabrication, see figure 7 below, involved taking a clean SOI wafer and depositing Silicon Nitride by LPCVD (low pressure chemical vapour deposition) and coating with photo-resist and e-beam writing the grating pattern. The exposed photo-resist was removed and the silicon nitride etched. Thermal oxidation was also used to create gratings: the silicon nitride mask was impermeable to oxygen and water vapour and thus only the exposed area in the oven was oxidized, in order to create 100nm of grating, 140 nm of oxide was grown in accord with Deal Figure 9 oxidized sample schematic Figure 9 shows a schematic of the Oxidized gratings and the grating is caused by the difference in the refractive indices of silicon dioxide and silicon nitride for the majority of the grating volume. (The silica under hang with respect to the silicon nitride could be lessened by growing less silica and milling the silica and silicon nitride to a flat surface: producing weaker but better defined gratings since the silica is subject to diffusion once it has escaped below the confines of the silicon nitride.)
Testing
Figure 10 schematic of free space transmission Figure 10 shows a schematic of the free space transmission experiment where infra red laser light is taken from a variable output laser through a mono-mode fibre and polarized before being set to penetrate the target and de-focused onto either the camera and monitor or the detector and data storage.
Results
Scans were taken from the saved computer files and displayed in Excel™. The TE scan in figure 11 reveals 17dB attenuation and a FWHM of 1nm, a second peak was revealed which was thought to be possibly caused by mode conversion. The TM scan of the same sample in figure 12 reveals less resonance dip and more noise. The curve for varying length of grating (TE polarization) is shown in figure 13 and approximately follows the simulator in figure 6 . The oxide sample 250 nm long gave 17 dBs attenuation at 1520nm and no observable second dip as shown in figure 14. The oxide sample 228 nm period and 250 microns long gave a resonance minimum at 1545nm as shown in figure 15 . 
Conclusion
Flat Bragg gratings on planar surfaces have been fabricated by ion implantation and thermal oxidation. They gave free space transmission minima at about 1540nm for a period of 228nm. Attenuation of the order of 17 dB has been demonstrated. The length of grating to give 17dB in the as-implanted sample was 1000 micron at 1540nm and 228nm period, this gave a full width at half maximum (FWHM) of 1nm but had a second minimum at about 1560nm. 17 dB attenuation was also achieved in the thermally oxidised samples with 250 microns length and with a periodicity of 200nm and only one observable minimum in the range 1500nm to 1620nm, albeit with a FWHM of about 5nm. Investigation with Fimmwave or the latest range of RSoft grating products might help to resolve some of these anomalies. The effect of increasing grating length from 100 microns to 1000 microns roughly followed the simulator. Changing the periodicity from 200 to 228 to 248nm was monitored in the thermally oxidised samples only, as the ion implanted gave failure, but was found to be in accord with the Bragg condition. Preliminary tests with respect to mark to space ratio (MSR) change suggest an increase in resonance minima wavelength with respect to change in MSR over a plus or minus ten per cent change (thermal oxide gratings only) but more work is necessary to quantify this result as the gratings are subject to oxide diffusion beneath the mask region. Gas liquid and proximity detectors could be developed and as the gratings are flat could be encapsulated to protect against hazardous environments. Also the flat surface renders thermal grating tuning more viable. Masking followed by room temperature implantation would provide a two steps and therefore simple and cost effective production sequence.
